Direct reprogramming involves the enforced re-expression of key transcription factors to redefine a cellular state. The nephron progenitor population of the embryonic kidney gives rise to all cells within the nephron other than the collecting duct through a mesenchyme-to-epithelial transition, but this population is exhausted around the time of birth. Here, we sought to identify the conditions under which adult proximal tubule cells could be directly transcriptionally reprogrammed to nephron progenitors. Using a combinatorial screen for lineage-instructive transcription factors, we identified a pool of six genes (SIX1, SIX2, OSR1, EYA1, HOXA11, and SNAI2) that activated a network of genes consistent with a cap mesenchyme/nephron progenitor phenotype in the adult proximal tubule (HK2) cell line. Consistent with these reprogrammed cells being nephron progenitors, we observed differential contribution of the reprogrammed population into the Six2 + nephron progenitor fields of an embryonic kidney explant. Dereplication of the pool suggested that SNAI2 can suppress E-CADHERIN, presumably assisting in the epithelial-to-mesenchymal transition (EMT) required to form nephron progenitors. However, neither TGFb-induced EMT nor SNAI2 overexpression alone was sufficient to create this phenotype, suggesting that additional factors are required. In conclusion, these results suggest that reinitiation of kidney development from a population of adult cells by generating embryonic progenitors may be feasible, opening the way for additional cellular and bioengineering approaches to renal repair and regeneration.
The direct conversion of one differentiated cell type to another through the forced expression of key transcription factors has been shown to be feasible for a number of distinct cell types, including the conversion of fibroblasts to neurons 1 and cardiomyocytes. 2 These advances and other similar advances provide the potential for cellular therapies in tissues, including heart, liver, pancreas, and the nervous system. [1] [2] [3] [4] [5] [6] [7] Such lineage conversion is thought to require the reactivation of a critical endogenous gene regulatory network, with the introduced key genes removing epigenetic barriers to re-establish the attractor state of the cell type required. 8, 9 Although there have been impressive examples of direct reprogramming to well characterized and phenotypically identifiable mature cell types, for some tissues, it is the generation of stem/ progenitor cells that may be required for the regeneration of complex structures.
Within the field of nephrology, there is considerable interest in regenerative medicine for the treatment of ESRD. However, the well characterized stem cell population responsible for giving rise to the functional units of the adult kidney, the nephrons, exists only during the embryonic state. 10, 11 These nephron progenitor (NP) cells are a mesenchymal population residing within the periphery of the developing kidney in a region termed the cap mesenchyme. These cells, in turn, are derivatives of the Oddskipped-related 1 (Osr1) + / Wilms tumor 1 (WT1) + metanephric mesenchyme, which gives rise to both the Sine oculis homeobox homolog 2 (Six2) + nephron progenitors and the Foxd1 + stromal progenitors of the kidney. 12 Specification of these separate lineages seems to occur from Osr1 + intermediate mesoderm before the onset of kidney development, although Osr1 activity is only required for the formation of nephron progenitors and not the stromal progenitors. 12 Throughout kidney development, WT1 continues to be expressed in the NPs as well as the developing nephrons. 13 However, Six2 exclusively marks the NP compartment. 14 Lineage tracing has shown that these Six2 + NP cells self-renew throughout development to give rise to all of the epithelial cells of the nephron other than the collecting ducts. 15, 16 In this study, we have used a combinatorial screening approach to identify the genes required to reprogram human adult proximal tubule cells to a kidney nephron progenitor phenotype. A major challenge to such a project is the successful identification of the nephron progenitor end point. Unlike a mature well characterized target cell type, the nephron progenitor has only been identified and characterized in vivo during development. Hence, a robust and stringent assay of nephron progenitor potential was required. We also show that our previously described ex vivo organoid recombination assay can be used to selectively identify the nephron progenitor capacity of introduced test cell populations. Using this recombination assay together with a multistage screen, including changes in cellular morphology and the reinduction of endogenous nephron progenitor gene and protein expression, we describe the identification of a pool of six genes, SIX1, SIX2, OSR1, Eyes absent homolog 1 (EYA1), Homeobox A11 (HOXA11) and Snail homolog 2 (SNAI2), able to reprogram a proportion of adult kidney epithelial cells to adopt a nephron progenitor-like phenotype. These results show the feasibility of the potential to reinitiate kidney development from an adult cell population.
RESULTS

A Combinatorial Screening Approach for NP Reprogramming Factors
The efficiency of direct reprogramming correlates with the lineage relationship between the start and end cell type. 17 Hence, adult progenitor cells, such as myeloid progenitor cells or pro-B cells, can be reprogrammed to induced pluripotent stem cells with 300 times greater efficiency than their more differentiated progeny under identical conditions. 18 For this reason, we used the adult proximal tubule cell line human kidney 2 (HK2), 19 which will have initially been derived from an embryonic nephron progenitor followed by subsequent patterning, segmentation, and differentiation (reviewed in ref. 20) . HK2 cells are epithelial in morphology and show clear expression of the tight junction protein, zona occludens 1 (ZO-1), as well as cortical F-actin fibers typical of an epithelial morphology (Supplemental Figure 1 , A-E). Based on the known transcription factor expression profile of the nephron progenitor/cap mesenchyme population defined in the mouse kidney, 20, 21 11 transcriptional regulators potentially playing a role in specification of the nephron progenitor phenotype were selected. Other genes included have previously been identified to either specify epithelial-tomesenchymal transition (EMT; SNAI1 and SNAI2) and/or confer stemness (Octamer-binding transcription factor 4 [OCT4]/ High mobility group AT-hook 2 [HMGA2]) ( Figure 1A and Supplemental Table 1 ). Each gene was cloned separately into a lentiviral construct accompanied with green fluorescent protein (GFP) to identify successfully infected cells. To reprogram to a nephron progenitor phenotype, we undertook combinatorial screening of these 15 different transcriptional regulators through lentiviral transduction of HK2 cells with each transcription factor either alone or combined with other factors. Infection was performed in a 96-well plate format. Reprogramming can be facilitated through the active relaxation of the chromatin marks specifying lineage. 22, 23 Hence, epigenetic modifying agents, such as the histone deacetylase inhibitor valproic acid (VPA) or 5-azacytadine, can partially remove chromatin marks in fully differentiated cells, increasing the efficiency of reprogramming. [24] [25] [26] For this reason, VPA was included during reprogramming to assist in chromatin relaxation. 25 In the screen, results were compared back with HK2 cells infected with lentiviral cassette encoding GFP alone in the absence of VPA (HK2-VPA). Figure 1A outlines the process of selection for successful reprogramming events. This process first involved the assessment of a significant morphologic change consistent with EMT and the induction of Cbp/P300-interacting transactivator 1 (CITED1) protein, a specific marker of the NP phenotype that is not required for NP specification or survival. 27 Only 10 different reprogramming pools induced consistent CITED1 protein, indicating putative induced NPs ( Figure 1B ). These 10 pools were then screened for the relative gene expression of key components of the NP gene regulatory network. In doing this screening, we focused on a coordinated upregulation of NP markers accompanied by low or decreased epithelial cadherin (E-CADHERIN) expression. To assess induction of endogenous gene expression rather than expression of the introduced reprogramming transcripts, we used primers located in the untranslated region of these genes (Supplemental Table 2 ), because only the coding sequence was delivered by lentivirus. All 10 pools displayed some level of endogenous NP gene expression activation. However, only one pool (pool 8), containing SIX1, SIX2, OSR1, HOXA11, EYA1, and SNAI2, showed lower E-CAD-HERIN coupled with coordinated activation of the NP gene regulatory network ( Figure 1C ). Pool 8 also showed the highest level of SIX2 and CITED1 expression, genes that exclusively mark the NP population in the developing kidney. 15 (Figure 2A ). EMT markers Matrix metalloproteinase 9 (MMP9) and MMP2 were upregulated approximately 3-and 30-fold, respectively ( Figure 2B ). The apparent reinduction of NP gene expression was further analyzed to examine the effect of VPA. The addition of VPA alone seemed to result in an upregulation of Paired box gene 2 (PAX2). However, the coordinate upregulation of other NP genes (SIX2, EYA1, OSR1, and CITED1) was restricted to HK2+Pool 8 ( Figure 2C ). It has been previously reported that VPA also derepresses histone deacetylasemediated silencing of E-CADHERIN, leading to sustained E-CADHERIN expression. 28, 29 This result was seen as an upregulation of E-CADHERIN in HK2+VPA cells, with this expression repressed to the level of HK2-VPA in pool 8-treated cells ( Figure 2C ). This replicated set of pool 8 reprogrammed cells showed evidence of a more convincing EMT event than was seen in the initial screen. E-CADHERIN levels were on par with control cells as opposed to the 15-fold upregulation in the initial pass. This technical variability may be caused by the variation in response of the cultures to VPA.
Because HK2 cells are an immortalized cell line, we also investigated whether a similar gene expression profile could be induced in primary human renal proximal tubule cells (RPTECs). Despite exhibiting some variation in gene upregulation compared with HK2+Pool 8 cells, RPTEC+Pool 8 showed highly increased expression of the NP-specific genes SIX2 and CITED1 (approximately 200-and 20-fold, respectively) as well as SIX2 protein expression (Supplemental Figure 2, A and B) . Furthermore, although PAX2 expression did not seem increased in RPTECs+Pool 8 when expressed relative to RPTECs-VPA, the level of PAX2 expression in unmanipulated RPTECs was found to be 410-fold higher than the expression in HK2 cells (Supplemental Figure 2C ), suggesting that these To validate the qRT-PCR and further investigate the specificity of this reprogramming event, we used RT-PCR ( Figure 2D ). Activation of NP markers SIX2 and CITED1 was differentially higher in HK2+Pool 8 cells, whereas sal-like 1 (SALL1) expression was detected at a similar level in the presence of VPA alone (HK2+VPA). HK2+Pool 8 cells also showed upregulation of forkhead box D1 (FOXD1), a marker of the renal stroma. 30, 31 However, this result was detected in both parental HK2 and HK2+VPA ( Figure 2D ). Because the VPA may randomly relax chromatin marks, we also investigated the expression of markers of the three germ layers, early mesoderm (Goosecoid, GSC), endoderm (FOXA2), and ectoderm (PAX6) as well as evidence for re-expression of a pluripotency marker (NANOG). Although we did detect weak expression of the ectodermal/ neural marker, PAX6, this result was also detected in control conditions. Finally, we examined whether the detectable levels of NP gene expression were accompanied by the endogenous production of proteins characteristic of the NP state but not in the lentiviral pool. Immunofluorescence for PAX2 and CITED1 proteins in parental HK2, HK2+VPA, and HK2+Pool 8 cells showed the specific induction of these proteins in GFP + (lentivirally infected) HK2+Pool 8 cells ( Figure 2E and Supplemental Figures 3 and 4) .
The Recombination Assay Is a Stringent Assay for NP Potential
Because there are no NP cells within the postnatal kidney, there is no standard in vivo assay to test NP potential in an adult mouse model. In addition, because the expression constructs delivered continue to be expressed, successfully reprogrammed cells will face constant pressure to remain in an NP state and hence, must be assessed for this phenotype. We have previously developed an assay in which to test NP potential using ex vivo organoid cultures ( Figure 3A) . 32, 33 In this assay, embryonic day 12.5 (E12.5) kidneys were dissociated to single-cell suspensions, mixed with test cells to form the recombination pellet, and cultured above a feeder layer of wingless-type MMTV integration site family member 4 (Wnt4)-expressing National Institute of Health 3-day transfer, inoculum 3310 5 cells (NIH3T3). 34 The recombined organoid culture recapitulates critical aspects of normal kidney development, such as retention of specific subcompartments and their spatial arrangement (Supplemental Figure  5) . Specifically, the Six2 + NP compartment is present in these cultures ( Figure 3 , C and F and Supplemental Figure 5 ). For this approach to represent a stringent assay for NP potential, it was necessary to show (1) the presence of NP cells in such cultures, (2) the capacity for such endogenous NP cells to participate in nephrogenesis, and (3) the evidence that only populations with an NP phenotype are able to integrate into the endogenous NP field.
The ability to detect the origin of individual cells within a recombination was determined by mixing dissociated wildtype (unlabeled) and GFP-labeled E12.5 kidneys. GFP + cells were able to contribute to all endogenous populations, including Wt1 + (metanephric mesenchyme, NP, and nephron), Six2 + (NP only), and Calbindin + (ureteric epithelium only) populations ( Figure 3, B-D) . To address the stringency of this assay in determining the NP potential of test populations, GFP + fractions were FACS-sorted from the dissociated E13 kidneys of Sall1 GFP mice 35 and recombined with unlabeled wild-type embryonic kidney. GFP + cells were readily detectable within the Wt1 + and Six2 + NP fields (Figure 3 , E and F) but not in the Calbindin + ureteric epithelial compartment ( Figure 3G ). The capacity of non-NP cells to integrate into the endogenous NP field was also examined to determine the stringency of the assay. Non-NP cell populations, including the mesonephric cell line M15, 36 HEK293T, an immortalized cell line derived from human embryonic kidney, 37 primary isolates of murine bone marrowderived mesenchymal stem cells (MSCs), and the human proximal tubule cells used in this study (HK2), 19 were assessed for their integration capacity in this assay. Each cell line was first infected with a GFP-containing lentivirus and FACS-sorted to isolate a pure population of GFP-labeled cells. All cell types were detected in the recombined organoids but showed negligible integration into the Six2 + , Wt1 + , or Calbindin + compartments ( Figure  3 , H-K and Supplemental Figure 6A) . Hence, the only population of cells able to robustly contribute to the NP field was bona fide NPs. NP compartment compared with all other populations tested (P,0.05) ( Figure 4C ). As anticipated, although able to integrate into these regions, pool 8-reprogrammed HK2 cells did not integrate into the ureteric bud-derived Calbindin + compartment ( Figure 4A ). A fraction of these GFP + cells were also positive for phosphohistone H3 (Supplemental Figure 7) , indicating that pool 8-transduced cells not only integrate into endogenous renal structures but can also proliferate within the recombination assay.
EMT Is Not Sufficient for
Reprogramming to an NP Phenotype EMT describes a phenotypic change that occurs both during normal development (type 1 EMT) and also in association with postnatal fibrosis and the initiation of metastasis in cancer (reviewed in ref. 38 ). This change uniformly involves a change in cellular morphology and the loss of expression of cadherins and cell-cell junction proteins accompanied by the re-expression of fibroblastic proteins, such as fibroblastspecific protein (FSP-1), vimentin, and MMPs. 39, 40 In culture, renal epithelial cells readily undergo EMT in response to various treatments, including TGFb1 or cyclosporine A. [41] [42] [43] Whereas in the kidney, this EMT has been associated with the pathologic progression to interstitial fibrosis, 44 it has more recently been challenged. 31 Certainly, reprogramming from renal epithelial cells to cap mesenchyme will require an EMT.
Although the murine orthologs of all six of the genes within pool 8 are expressed in the murine nephron progenitor population, many also show expression in preceding (MM) or subsequent (RV) structures ( Figure  4D ). In the mouse, Snai2 is expressed only weakly in the endogenous NP population, with expression more tightly associated with the cortical stroma (www.gudmap. org). 45 SNAI2 is a potent inducer of EMT; hence, it was possible that transduction with SNAI2 alone in conjunction with VPA treatment may be sufficient for reprogramming to an NP phenotype. Sequential removal of one factor at a time from the pool revealed that SNAI2 was able to repress E-CAD-HERIN, because removal of SNAI2 from the pool led to a 40-fold upregulation of E-CADHERIN. In contrast, removal of any other reprogramming factor did not affect E-CADHERIN levels significantly (P,0.001) ( Figure 5A ). However, the expression of the NP marker CITED1 was unaffected by individual removal of any of the six factors, including SNAI2 ( Figure 5A ). Recently, the process of EMT has been linked to the acquisition of a stem cell-like phenotype, 46, 47 possibly reflecting the reversal of processes involved in the initial differentiation of such cells. We, therefore, investigated the possibility that the simple induction of EMT in HK2 cells would generate a nephron progenitor phenotype. HK2 cells infected with lentivirus containing SNAI2 alone underwent marked EMT, with a distinct transition to more elongated and spindleshaped FSP-1 + cells (Supplemental Figure 8) . However, when SNAI2-overexpressing cells were tested in the recombination assay, only very rare cells were detected (less than five cells per entire recombined kidney), none of which integrated into either the Wt1 + or Six2 + compartments ( Figure 5B ). Similarly, the treatment of parental HK2 cells with recombinant TGFb1 for 3 days resulted in a fibroblastic transformation with the induction of FSP-1 protein and the loss of cortical F-actin (Supplemental Figure 1, F-J Figure 6B ). This result argues that EMT alone is not sufficient to endow a NP phenotype.
DISCUSSION
The reprogramming of adult epithelial kidney cells to a NP phenotype represents a major advance for both kidney developmental biology and the reprogramming field. There are no previous reports of kidney cells reprogrammed to a progenitor cell type, whether by forced expression of lineageinstructive genes or manipulation of the local environment with growth factors, epigenetic modifying agents, or small molecules. We have shown that overexpression of SIX1, SIX2, OSR1, EYA1, HOXA11, and SNAI2 in HK2 cells can reprogram them to undergo an EMT and activate a gene regulatory network consistent with a cap mesenchyme/NP phenotype. Furthermore, a portion of HK2 cells transduced with this pool of genes showed a differential capacity to contribute to the NP compartment of a developing embryonic kidney ex vivo, showing the feasibility of direct reprogramming to generate nephron progenitors. The specific combination of reprogramming factors identified in this study supports much of what is known in kidney developmental biology. All five kidney developmental genes in the pool (OSR1, SIX2, SIX1, HOXA11, and EYA1) are expressed in the cap mesenchyme and essential for formation of this population in vivo ( Figure  4D ). [48] [49] [50] [51] PAX2 is also expressed in the cap mesenchyme, 52 and accordingly, PAX2 expression in HK2s was upregulated in response to pool 8. PAX2 may not have been required in the pool, because its expression may have been activated by EYA1, HOXA11, and/or SIX1, all of which complex with PAX2 to regulate kidney development. 51, 53, 54 However, it may be able to substitute for one or more of these factors. Six2 is known to upregulate its own expression, and recent studies investigating Six2 target genes during murine kidney development suggest direct regulation of Osr1 and Hox11 paralog expression by Six2 in self-renewing undifferentiated cap mesenchyme, 55 further reinforcing the interactions Figure 5 . The role of EMT in reprogramming to a NP phenotype. (A) Removal of SNAI2 from the reprogramming pool leads to dramatic upregulation of E-CADHERIN, with no effect on CITED1 levels. (B) Reprogramming using SNAI2 alone or HK2 cells induced to undergo EMT through treatment with TGFb1 failed to generate cell populations able to integrate into embryonic kidney recombinations. (C) Schematic diagram illustrating the observed outcomes of the reprogramming screen. (C, i) Addition of either recombinant TGFb1 or SNAI2 transduction alone resulted in a fibrogenic EMT, with the resulting cells unable to contribute to the nephron progenitor compartment of the developing explants. (C, ii) Undirected chromatin relaxation mediated by VPA treatment biases the HK2s to the NP/cap mesenchyme fate, but the cells cannot overcome existing epigenetic barriers; therefore, they are only partially reprogrammed. (C, iii) Lineage-instructive transcriptions factors together with SNAI2 reduce the existing epigenetic barriers, which then allows (C, iv) transition from the HK2 proximal tubular phenotype to the NP/cap mesenchyme phenotype.
between this particular set of transcription factors in defining the nephron progenitor attractor state. This finding suggests the possibility for remaining redundancy in this pool. As such, additional dereplication may enable the substitution of genes to reduce the total number of transcription factors required.
SNAI2 was the only reprogramming factor without a previously shown role in kidney development. Removal of SNAI2 from the reprogramming pool suggested a role in the suppression of E-CADHERIN and subsequent destabilization of the epithelial phenotype. Consistent with this finding, SNAI2 has been reported to repress E-CADHERIN and is involved in EMT. [56] [57] [58] [59] In the context of Waddington's epigenetic landscape, 8 which depicts the dynamics of cellular differentiation during development, SNAI2 may serve to overcome epigenetic barriers and make a smoother and more efficient transition to a NP phenotypic state through this induction of EMT ( Figure  5C ). However, it is possible that SNAI2 has more specific roles to play in the NP state. Presumably, the remaining five genes in pool 8 are critical for ensuring survival and integration in the correct developmental context ( Figure 5C ). If the starting cell type was not epithelial, such as a skin fibroblast, SNAI2 may not have been required. Importantly, however, proximal tubule cells treated with either recombinant TGFb1 or SNAI2 alone were not able to contribute to the NP lineage, suggesting that EMTalone is not sufficient to recapitulate the specific NP phenotype.
Although we assume that the chromatin relaxation provided by the addition of VPA assisted the initial reprogramming, one obstacle faced with its usage is the potential for nonspecific gene activation, which may result in an undesirable phenotypic outcome. Indeed, treatment with VPA alone induced the upregulation of FOXD1 and SALL1. The further upregulation of FOXD1 in the presence of pool 8 may even suggest that at least a portion of the population has adopted an even more primitive metanephric mesenchymal state or that both a nephron progenitor and stromal progenitor population are present. Better defining the hetereogeneity of the response will be important if this approach is to be harnessed for cellular therapy. Indeed, the induction of a heterogeneous, confused, or intermediate phenotype in a portion of cells undergoing reprogramming continues to represent a serious challenge in the reprogramming field as a whole and cannot be avoided in the absence of an appropriate selection marker. Thus, the development of a stringent functional assay was critical in this instance to enable detection of successful reprogramming to specific intermediate progenitor phenotypes. The recombination assay not only opened the way for a systematic quantitative analysis of putative kidney stem cell populations but also provided the specific niche requirements to support the NP population generated.
Although this assay allowed us to provide evidence that reprogramming to a nephron progenitor state is feasible, the approach used in this study has several limitations to overcome. Successful reprogramming is known to be an inefficient process, with only a portion of the treated cells adopting the desired end point without active selection. 60 Based on an average of 0.5 integration events per section and approximately 140 slides per recombined kidney, we conservatively estimate a reprogramming efficiency of ;0.875% in response to pool 8 reprogramming. This result represents a 433 higher rate of reprogramming than in the initial study showing the generation of induced pluripotent stem cells (1 in 5310 4 starting cells). 60 In that instance, the identification of a successful outcome relied on a combination of genetic selection, predefined optimal culture conditions, and a characteristic colony phenotype for pluripotent cells in culture. None of these features was available within the screen described here. Having identified a key gene regulatory network capable of NP reprogramming, it will now be feasible to recreate this approach using inducible, polycistronic constructs. This result will ensure an increased efficiency of integration of all genes and a capacity to shut this program down in vitro or in vivo to show a subsequent capacity to move from nephron progenitor to nephron. Furthermore, reducing toxicity by removing the need for multiple lentiviral constructs may also improve reprogramming of primary human cells, for which our preliminary results suggest are amenable to reprogramming with pool 8 factors. However, regardless of the parental cell type, it will be necessary to optimize the cell culture conditions for the prolonged maintenance of a nephron progenitor population in culture.
Major challenges to the reprogramming of adult cells to nephron progenitors are the transient nature of this attractor state and the intricate reliance of this population on niche instructive cues for its identity. The NP population is a very transient embryonic population, existing in vivo for only 8-10 days of development in the mouse and unable to survive in the absence of an appropriate niche. 61 It is also in a highly permissive state, ready to differentiate into nephron epithelia in response to Wnt9b-mediated canonical Wnt signaling, 62 Wnt4-mediated noncanonical signaling, 63, 64 or even ectopic notch signaling. 65 Hence, the challenge during reprogramming, like during kidney development, is maintaining the self-renewal of this population. The growth conditions optimal for maintenance of nephron progenitors/cap mesenchyme in vitro have not been completely defined, although there is evidence that it is mediated by fibroblast growth factor and bone morphogenetic protein signaling. 66 Optimization of these conditions will be critical for increasing the efficiency of this reprogramming process.
Despite these remaining barriers, this study represents a major step forward to reprogramming in the renal field. Ultimately, the generation of such cells may lead to cellular therapies for adult renal disease. The observation in zebrafish that a NP population can be transplanted from one animal to another and generate neonephrons in an adult fish 67 raises the possibility that a selected population of NPs may behave similarly in an adult mammalian kidney. Indeed, it has recently been shown that embryonic kidney organoids placed into adult rat kidney can undergo onward development and vascular development. 68 The optimization of methods for the expansion of NP in culture may also allow the renewal generation of renal cells for nephrotoxicity screening. Finally, the generation of nephron progenitors from human adult cells may also assist us in developing approaches to prolong or reinitiate nephrogenesis based on our understanding of the genetic regulation of this population.
CONCISE METHODS
Cell Culture and Reprogramming
HEK293T (CRL-11268; ATCC), HK2 (CRL-2190; ATCC), and primary human RPTE (CC-2553; Lonza Australia) cells were maintained as per the manufacturer's instructions (HEK293Ts and RPTECs) or as previously described (HK2s) plus 100 U/ml penicillin, 100 g/ml streptomycin, 2 nmol/L L-glutamine, and 0.1 mM hydrocortisone. 69 M15 cells were maintained as previously described with the addition of L-glutamine. 36 Primary bone marrow-derived murine MSCs were isolated and maintained as previously described. 70 For lentiviral reprogramming, the coding sequence of candidate genes (Supplemental Table 1 ) was cloned into the pLV101G vector upstream of a hrGFP reporter through the Gateway Cloning System (Invitrogen). Third generation lentivirus was packaged as described elsewhere using 5 ml/ml Lipofectamine 2000 (Invitrogen) instead of CaCl 2 . 71 For reprogramming studies, HK2s were serum-deprived for 24 hours and then infected with lentivirus overnight before treatment with VPA (2 mM for 7 days; P4543; Sigma Aldrich). These cells were split into one-third pieces 48 and 96 hours after the initial treatment exposure. RPTECs were treated similarly to HK2 cells above but were not serum-deprived. Control HK2s and RPTECs underwent identical treatment, and they were infected with a GFP-only lentivirus and cultured minus VPA. For EMT studies, HK2s (4310 3 cells/cm) were serum-deprived for 24 hours and then treated with TGFb1 (20 ng/ml for 3 days; 240-B; R&D).
qRT-PCR and RT-PCR
RNA was extracted from cell cultures using the RNeasy Mini Kit (QIAGEN) as per the manufacturer's instructions. Equal amounts of RNA were used to make cDNA using the SuperScript III First Strand Synthesis System (Invitrogen). qRT-PCR reactions were performed using Platinum SYBR Green Qpcr Supermix UDG (Invitrogen) as per the manufacturer's instruction. All qRT-PCR reactions were performed on the ABI Prism 7000 real-time machine with the manufacturer's software. cDNA levels of target genes were analyzed using comparative Ct levels, normalized to glyceraldehyde-3-phosphate dehydrogenase, and expressed as fold change in treated cells relative to control as previously described. 72 Means were calculated based on at least three biologic replicates per treatment and expressed 6 SEM. P values were calculated using a two-tailed homoscedastic t test. Conventional RT-PCR analysis was performed using One Taq DNA polymerase (NEB) as per the manufacturer's instruction. Primer sequences for qRT-PCR are supplied in Supplemental Table 2 . Forward and reverse primer pairs for RT-PCR are supplied in Supplemental Table 3 .
Immunofluorescence
Immunofluorescence on cells was performed as previously described. 73 For the reprogramming screen, immunofluorescence was performed in 96-well black-walled clear bottom plates (Corning).
For recombinations, slides were prepared for antibody staining as previously described. 32, 33 Antibody staining was performed overnight at 4°C for primary antibodies and for 1 hour for secondary antibodies. A list of antibodies and stains used and the manufacturers' details are supplied in Supplemental Table 4 ; 4' ,6-diamidino-2-phenylindole was diluted to 1 in 1000 and incubated for 5 minutes before slides were mounted in Vectashield or Prolong Gold (Invitrogen) and photographed using an Olympus BX-51 upright or Zeiss Meta 510 confocal microscope.
Recombination Assay
Assays were performed as previously described. 32 given section. Association was regarded as being in contact with more than one cell within a given cluster. Either 8 (Wt1) or 16 (Six2) sections were analyzed per biologic replicate, where the sections were spaced equally to cover the entire recombination pellet. Means were calculated based on three biologic replicates per cell line and expressed 6 SEM. P values were calculated using a two-tailed homoscedastic t test.
